The lac operon of Escherichia coli spans approximately 5300 base pairs and includes the lacZ, lacY, and WA genes in addition to the operator, promoter, and transcription termination regions. We report here the sequence of the IacA gene and the region distal to it, confirming the sequence of thiogalactoside transacetylase and completing the sequence of the lac operon. The lacA gene is characterized by use of rare codons, suggesting an origin from a plasmid, transposon, or virus gene. UUG is the translation initiation codon. A preliminary examination of 3' end of the lac messenger in the region distal to 'the lacA gene indicates several endpoints. A predominant one is located at the 3' end of a G+C-rich hairpin structure, which may be involved in termination of transcription or in post-transcriptional processing.
Since its description more than 25 years ago, the lactose operon has been a model system of great usefulness in biology. Indeed, study of one or another aspect of the lactose operon has touched on many of the most significant questions of biology. For example, the fundamental question of the mechanisms involved in expression ofgenes was first studied in this system (1) . The discovery of the lac repressor and its binding to an operator site on DNA (2, 3) was one of the first problems concerning protein-DNA interactions to be examined. Studies of P-galactosidase in relation to mutants in lacZ have been important in defining many aspects of gene-protein relationships (4) . Studies with fragments of f3-galactosidase also have served as a model system for investigating protein-protein interactions (5) . The lactose permease, the product of the second structural gene, lacy, was the first membrane transport protein studied extensively (6) . Many fundamental concepts ofthe transport of molecules into the cell were derived from these studies. Thiogalactoside transacetylase, which is the gene product of lacA, the third structural gene, has been something of a mystery. The most reasonable interpretation of its function is that it is involved in detoxification (7) . As indicated by the experiments of Andrews and Lin (7) , cells containing the transacetylase are able to overcome inhibition of growth by thiogalactosides under certain conditions. It is not surprising, therefore, that structures of the components ofthe lactose operon have also been investigated intensively. The amino acid sequence of the lac repressor was determined many years ago (8) , and the amino acid sequence ofI-galactosidase was reported in 1977 (9) . Both of these proteins were examined by classical methods ofprotein chemistry. When methods for determining DNA sequences became available, the DNA sequence of the control elements of the lactose operon was one of the first to be studied (10) .
More recently, the DNA sequence of lacZ was determined (11) , with the amino acid sequence of f-galactosidase as confirmation (12) . The DNA sequence of lac'Y also has been reported (13) . Only a minimum of protein chemical techniques was necessary to complete the amino acid sequence determinations of the lactose permease. However, until now no more was known of the structure of the lactose operon. We recently have determined the amino acid sequence of thiogalactoside transacetylase, primarily by standard methods of protein chemistry (14) . We present in this paper the DNA sequence of lacA and of a segment of approximately a thousand bases downstream containing a probable transcription termination region, essentially completing the structural determination of the lactose operon.
MATERIALS AND METHODS Bacteria. Escherichia coli C600 (rk-mk-thi thr leuB trpB), used for transformation, was described by Nagahari et al. (15) Maxam and Gilbert (20) . The glass plates of the sequencing gels were treated by the method of Garoff and Ansorge (21) .
DNA-DNA Hybridization. Electroblot analysis was carried out using GeneScreenPlus (New England Nuclear) as transfer membrane.
RESULTS
Restriction Mapping of Cleavage Sites Distal to lacA on Plasmid pGM8 and E. Cofl DNA. The lac genes in pGM8 and its predecessor pMC1396 have a long and relatively complex geneology. The essential feature of this is that the lac genes were translocated on the E. coli chromosome to the 480 att site, near trp, as a lysogen, and were used in the construction of trp-lac fusions (22) . Because of this, the source ofthe DNA sequences distal to lacA on plasmid pGM8 was unknown. This question was resolved by comparing restriction maps of the region distal to lacA of the plasmid pGM8 and the E. coli chromosome. Fig. 1 Fig. 2 . An end-labeled Nru I/Sal I fragment of plasmid pGM8 also was prepared and was used for chemical sequencing. This DNA sequence overlaps the sequences of the Aha III fragment and the Aha III/Sal I fragment (Fig. 2) .
DNA Sequence of the lacA Gene and the 3' End of the Lac Operon. The complete DNA sequence of the lacA gene and the 3' end of the lac operon obtained from the fragments shown in Fig. 2 is presented in Fig. 3 . This figure also includes the amino acid sequence of thiogalactoside transacetylase. The protein, exclusive of the initial formylmethionine, consists of 202 amino acids, and its sequence is in agreement with the results obtained by protein sequencing (14) . The (13) , who sequenced the lacY gene and a short adjacent region of lacA, the initiation codon is UUG. We have confirmed this sequence with our independently isolated clones. Although UUG normally codes for leucine, determination of the amino acid sequence of the transacetylase indicates that it codes here for methionine (formylmethionine). UUG is unusual as an initiation codon; it is found only in three other genes of E. coli of the approximately 300 sequences that have been tabulated (23, 24) . The UUG codon is preceded in the lacYA intergenic space by a good Shine-Dalgarno sequence, as shown in Fig. 3 (bases 4466-4478) (25) .
The sequence of the lacA gene has been compared with those of the lacI, lacZ, and lacYgenes. According to the gene evolution theory of Horowitz (26) , the genes of a metabolic pathway may have evolved by a systematic duplication of genes. However, with the computer program DIAGON (27) , only short and scattered homologies were found. A similar result was obtained when comparisons were carried out with the amino acid sequences of the Lac proteins.
The computer program SRCHN (28) (30) , and the original construction of phage Xp phoA', used for generating sequencing clones, involved a lac operon fusion (31, 32) .
A number of workers have shown that the codon usage in a gene may be correlated with the relative abundance of the gene product and with the origin of the gene (33) (34) (35) (36) (37) (38) . In order to evaluate the codon usage of lacA, a codon preference plot of the lac genes as described by MacLachlan et al. (38) was prepared (Fig. 4) . The figure shows a relatively low codon preference for lacA. The index for "optimal codon usage" calculated as described by Ikemura is 56% for lacA (35) . This value is lower than the value for lacI (63%). Such low values have been found to be characteristic of weakly expressed genes, such as repressor, and of plasmid and transposon genes (35, 38) , indicating that lacA may have its origin from such a source.
An open reading frame of 702 bp is present downstream from lacA on the complementary strand (position 5900-5199). It contains a potential translation initiation site (an AUG start codon at position 5600 and a possible ShineDalgarno sequence at position 5615-5603) such that it could encode a polypeptide of 134 amino acids.
The region downstream from lacA has been analyzed for possible hairpin structures of the Lac mRNA, which may be involved in termination of transcription or in a post-transcriptional processing. Three predominant hairpin structures of this region are shown in Fig. 5 . Experiments on the mapping of the Lac messenger endpoints will be presented elsewhere. Results obtained so far indicate that there are several endpoints, including a prominent one at residue 5203 located at the 3' end of a potential hairpin structure (Fig. 5) .
It has been known for many years that there is a natural polarity of lac expression. This is manifest by the fact that lacA is expressed much more weakly than lacZ (39) . Several features may contribute to this control: the lacA gene makes use of rare codons and translation of the gene is initiated with the unusual UUG codon. Two other features of the lac operon that may influence the polarity are a palindromic sequence (a rep sequence) in the lacYA intergenic space (40) (41) (42) , and a probable rho-independent transcription attenuator in the lacZY intergenic space (40, 43) .
The lac genes have served as models and tools for investigating many questions in biology. The results presented here, completing the DNA sequence determination of these genes, may allow the lactose operon to be even more useful in the future.
